Abstract
INTRODUCTION
Cerebral malperfusion is a serious complication of type A acute aortic dissection (AAAD), and the outcome of surgical repair of AAAD depends on cerebral malperfusion and the preoperative neurological state [1] [2] [3] . Various procedures to avoid cerebral malperfusion have been reported, such as the use of selective antegrade cerebral perfusion, cooling core body temperature and the use of antegrade systemic perfusion. In addition, intraoperative malperfusion can be detected by transoesophageal echocardiography, orbital Doppler and near-infrared spectroscopy. Despite these methods for detection and prevention, cerebral malperfusion and its complications are occasionally encountered [4] [5] [6] [7] [8] [9] .
An appropriate preoperative surgical strategy in patients with neurological deficits and the intraoperative management of cerebral malperfusion are important to prevent irreversible brain injury. The purpose of this study was to assess our cerebral protection procedure and identify predictors of perioperative cerebral malperfusion in patients undergoing surgical repair of AAAD.
MATERIALS AND METHODS
Between January 2004 and December 2015, 137 consecutive patients with AAAD underwent aortic replacement at Tsuchiya General Hospital. All patients were evaluated for the form and location of aortic dissection (cerebral, abdominal, peripheral, etc.) by computed tomographic angiography before their surgical repair. The condition of computed tomographic angiography was delayed phase. Three groups (patent, partially thrombosed or thrombosed) were identified based on the state of the false lumen at the aortic arch. The patients with a thrombosed false lumen in the aortic arch except for an entry tear were defined as partially thrombosed. Patients with dissected supra-aortic branch vessels (SABVs) were classified as patent or partial or complete thrombosis (occluded or significant stenosis of the true lumen) based on the state of the false lumen (Fig. 1) .
Cardiogenic shock was defined as a preoperative systolic blood pressure <90 mmHg or a cardiac index <2.0 l/min/m 2 at arrival. Malperfusion syndromes were defined as symptoms due to disrupted blood flow to the central nervous system, coronary arteries or peripheral arteries. Any patient with neurological symptoms or syncope that was apparently caused by cardiogenic shock were excluded from the classification of cerebral malperfusion. The Glasgow Coma Scale was used to assess the level of consciousness, and patients were classified into the following 3 subgroups based on their Glasgow Coma Scale score: severe, 3-8; moderate, 9-12; and mild, 13-15 [10] . We did not perform AAAD repair in the patients whose severe coma persisted for more than 10 h. There was only 1 non-operative management patient in this study period. Partial arch replacement included the level of the innominate artery and beyond, with reimplantation of the innominate artery and/or left common carotid artery. Total arch replacement included the entire aortic arch, with reconstruction of the SABV using individual tetrafurcated grafts.
The outcome measures were intraoperative malperfusion, operative mortality (30-day or in-hospital), cause of death and operative complications (neurologic dysfunction, limb ischaemia, mediastinitis). This study was approved by our Institutional Review Board, and informed consent was obtained from all patients or their families.
Routine surgical procedure and monitors
The extent of graft replacement was based on a primary entry tearoriented strategy. Our general arterial perfusion route was the femoral artery. The venous cannula was inserted into the superior and inferior vena cavae, the left ventricle was vented through the right superior pulmonary vein and cardiopulmonary bypass (CPB) was established with systemic cooling. Body temperature was monitored via a rectal probe, and the target rectal temperature was 22-28 C. The ascending aorta was cross-clamped during cooling, and retrograde cardioplegic solution was infused via the coronary sinus. We added antegrade-selective cardioplegic solution in cases of myocardial hypertrophy. Selective antegrade cerebral perfusion was established before the distal aorta anastomosis was performed. We started rewarming after the distal aorta anastomosis was performed.
Arterial pressure was monitored via the right radial artery and non-cannulated side of the dorsalis pedis artery. Transoesophageal echocardiography was used to monitor aortic regurgitation, cardiac wall motion and blood flow in the coronary ostia to assess coronary perfusion. Transoesophageal echocardiography was also used to monitor blood flow in the aorta and abdominal organ vessels to assess intestinal, renal and peripheral perfusion. Cerebral perfusion was monitored by continuous bilateral regional oxygen saturation [rSO 2 TOS-96 (TOSTEC Inc. Tokyo, Japan)] throughout surgery. A reduction of 10% or more from baseline was considered significant. Blood flow in the bilateral carotid and axially arteries was assessed with colour-flow and pulse-wave Doppler by transcutaneous echo [EPIQ 7 (Philips Ultrasound, Inc. WA, USA) Philips L12-3 probe 12-3 MHz] using the short-axis view (our normal velocity range was 15 cm/s and the incident angle was about 45
) at the time of all intraoperative interventions (before and after the operation, the onset and offset of CPB, clamping and de-clamping the aorta, the onset and offset of selective antegrade cerebral perfusion, and at the time of every other haemodynamic change) (Fig. 2) . If intraoperative disappearance of carotid flow was detected, we performed cerebral reperfusion using a quick cutdown carotid cannulation method to achieve quick cerebral perfusion for all thrombosed SABVs. This method started with ligation (2 silk) and purse-string suturing (5-0 Prolene) of the SABV, and then the carotid was directly cannulated with a selective cerebral cannula after cutdown (starting immediately after the onset of CPB prior to systemic cooling). The cannulation should be done carefully if there are plaques in the carotid. In cases of neurological dysfunction or cerebral malperfusion, we used edaravone to reduce cerebral injury.
Statistical analysis
All statistical analyses were performed using a statistical software program (SPSS, Inc., Chicago, IL, USA). Continuous values are expressed as the mean ± SD. Risk factors for cerebral malperfusion were identified using stepwise logistic regression analysis. Clinically relevant variables with a P-value <0.2 in univariable analysis were incorporated in the multivariable analysis. P-values <0.05 were considered statistically significant for all analyses. Table 1 shows the preoperative and intraoperative patient data. Thirty-eight patients (27.7%) were in shock. Twenty-six patients (19.0%) had neurological symptoms or syncope; 14 of them (severe coma: 4, syncope: 10) were caused by cardiogenic shock, and another 12 patients had preoperative cerebral malperfusion. Preoperative persistent neurological dysfunction was observed in 15 (10.9%) patients (severe coma: 6, moderate coma: 3, mild coma: 2, hemiplegia: 4). Forty-six patients (33.5%) had dissected SABV, and 15 (10.9%) of these had an occluded or a significantly stenosed true lumen of the SABV (partial or complete thrombosis). There were 36 patients (26.3%) who had a primary entry tear at the aortic arch. Table 2 shows the preoperative and intraoperative cerebral malperfusion and preoperative state of the false lumen in the SABV. Twelve patients (8.8%) had preoperative cerebral malperfusion, and 11 of them had persistent neurological symptoms. Intraoperative cerebral malperfusion occurred in 16 patients (11.7%). In 11 of them, the antegrade Doppler flow signal disappeared in the carotid arteries, and we managed cerebral perfusion. In another 5 patients, we detected an unstable decrease of blood flow in the carotid artery, but we did not perform quick cerebral perfusion because the Doppler signal was still present. Seventeen patients (89.5% of the cerebral malperfusion patients) had dissection of the SABV, and 12 patients (63.2% of the cerebral malperfusion patients) had partial or complete thrombosis of the SABV. Nine patients had an occluded innominate artery, 5 patients had an occluded left common carotid artery and 2 patients had an occluded left subclavian artery. We did not detect intraoperative malperfusion in other organs besides the brain.
RESULTS
Early mortality was 8.0% (11 patients). Six patients died from low output syndrome; 5 of them had preoperative coronary malperfusion, and all of them were in shock preoperatively. Other causes of death were visceral ischaemia (2 patients), pulmonary complication (2 patients) and aortic rupture (1 patient). In the patients who died from visceral ischaemia, we could not detect abnormal findings by intraoperative transoesophageal echocardiography. There were 4 patients (2.9%) who had postoperative cerebral injury. They had preoperative persistent neurological symptoms such as hemiplegia (Cases 2 and 3 in Table 2 ), moderate coma (Case 10 in Table 2 ) or severe coma (caused by cardiogenic shock that required cardiopulmonary resuscitation). The intervals from onset to operation in these patients were 6, 4.5, 5.5 and 6 h, respectively. In 2 cases, we did not detect intraoperative cerebral malperfusion. One case (Case 2 in Table 2 ) had preoperative cerebral malperfusion, and the other had preoperative severe coma caused by cardiogenic shock. In Cases 3 and 10 (preoperative cerebral malperfusion in Table 2 ), we detected an unstable decrease of carotid artery blood flow and a temporary drop of rSO 2 , but they recovered within 30 min without additional cerebral perfusion. Cerebral injury was not observed in the patients who had quick cerebral perfusion. Preoperative and postoperative neurological dysfunction, and management of intraoperative cerebral perfusion are shown in Figure 3 . Postoperative computed tomographic angiography was performed in all patients who survived without renal dysfunction. There were no patients who had an occluded carotid artery.
Other complications were paraparesis (1 patient), limb ischaemia (2 patients) and mediastinitis (2 patients).
Univariable analysis showed that the significant risk factors for early mortality were shock, level of consciousness, preoperative cerebral malperfusion, preoperative coronary malperfusion and operative and CPB times. Preoperative shock (odds ratio [OR] 22.60, P < 0.0001, 95% confidence interval (CI) 4.50-174.30) and extension of dissection to the abdominal aorta (OR 9.31, P = 0.0064, 95% CI 1.81-73.00) were significant risk factors for early mortality in multivariable analysis (c-statistic 0.85, goodness of fit P = 0.5806, Table 3 ). Table 4 shows univariable and multivariable analysis of risk factors for perioperative cerebral malperfusion. Univariable analysis showed that the significant risk factors were a history of cerebrovascular accident (CVA), preoperative neurological symptoms, aortic valve insufficiency (moderate or more), a patent false lumen of the aortic arch, partial or complete thrombosis of the SABV, extension of dissection to the abdominal aorta, extension of dissection to the iliac artery, an entry tear in the aortic arch, and operative and CPB times. Multivariable analysis showed that preoperative neurological symptoms (OR 12.40, P = 0.0006, 95% CI 2.96-63.80) and partial or complete thrombosis of the SABV (OR 64.10, P < 0.0001, 95% CI 13.40-437.10) were independent risk factors for perioperative cerebral malperfusion (c-statistic 0.89, goodness of fit P = 0.3333).
DISCUSSION
The incidence of newly developed neurological deficits in AAAD was reported to be 11-29%, and cerebral malperfusion is a common cause of cerebral injury associated with AAAD [1-4, 11, 12] . In addition, some previous studies reported that cerebral malperfusion is a predictor of early mortality [1, 2] . Perioperative cerebral malperfusion should be avoided and reversed quickly if it occurs. In our study, preoperative shock and extension of dissection to the abdominal aorta were predictors of early mortality. Omura and colleagues [13] reported that preoperative cardiopulmonary resuscitation and visceral malperfusion were predictors of hospital mortality. There were no patients who had preoperative visceral malperfusion in our study, but 2 patients died from visceral ischaemia. We believe that visceral malperfusion might also be a significant predictor of early outcome. The management strategy for patients with preoperative CVA or coma is still controversial. A previous study reported that early mortality was 7.1-33%, and neurological dysfunction was resolved in 57-79% of patients with CVA or coma who underwent surgical repair of AAAD. They recommended immediate surgical repair as soon as possible [3, 14, 15] . We experienced 15 (10.9%) patients who had preoperative CVA or coma. Their early mortality was 26.7% (4 of 15 patients), and the cause of death was low output syndrome (3 patients) or visceral ischaemia (1 patient). Preoperative neurologic deficits were completely resolved in 63.6%. Our results were similar to a previous study. Orihashi emphasized the importance of prehospital early diagnosis of AAAD, because the time from onset determined postoperative neurological outcome in patients with cerebral malperfusion [16] . In addition, Tsukube et al. reported that a period of 9.1 h between the onset of neurological symptoms and surgery was the most reliable cut-off point for predicting a lack of neurologic improvement [15] .
Retrograde systemic perfusion during surgical repair might facilitate the development of malperfusion syndrome. Antegrade central cannulation was reported as a useful technique to avoid intraoperative malperfusion [4] [5] [6] [7] . However, antegrade systemic perfusion cannot achieve complete prevention of cerebral malperfusion. Matsushita and associates [8] reported 52 cases of transapical cannulation, and they converted to another perfusion route to resolve intraoperative malperfusion syndrome in 5 cases (9.6%). A 5-11% incidence of cerebral complications has been reported using central cannulation [6] [7] [8] . Shimokawa and colleagues [17] evaluated 107 patients undergoing AAAD repair using femoral artery perfusion and found that the incidence of intraoperative malperfusion syndrome was 2.5-13% and postoperative permanent neurological complications were observed in 7 patients (6.5%). Furthermore, this incidence was the same as that obtained with antegrade perfusion using central cannulation. We observed postoperative cerebral complications in only 4 patients (2.9%) and there were no postoperative cerebral injuries in the patients who had managed intraoperative cerebral perfusion. Although we might be able to further reduce cerebral injury, we think that this result is acceptable when compared with previous reports including studies using antegrade systemic perfusion. Although there might be some cases that do not need quick cerebral perfusion based on carotid ultrasound, we believe that carotid ultrasound is the most sensitive modality to detect cerebral malperfusion. In our experience, the decrease of rSO 2 always occurs subsequent to the disappearance of carotid flow. This aggressive application of cerebral protection might contribute to the prevention of postoperative cerebral complications. Furthermore, we think that more aggressive criteria for quick cerebral perfusion might reduce cerebral injuries. In 2 of 4 patients with postoperative cerebral complications (Cases 3 and 10 in Table 2 ), cerebral injury might have been prevented if quick cerebral perfusion was started after detection of decreased carotid flow. In the other 2 patients with postoperative cerebral complications, we think that there was irreversible cerebral injury preoperatively. Our criterion of a relative decrease in rSO 2 (reduction of >10% from baseline) was less strict than the criterion (>20% reduction from baseline) used in a previous report [18] . However, preoperative ischaemia might not be detected by relative changes in rSO 2 over time. Orihashi et al. proposed that an absolute rSO 2 value of <55% should be used as an alert for the TOS-96
TM [19] . This criterion might be useful to detect preoperative cerebral ischaemia. According to our results, even in cases with retrograde systemic perfusion, we can avoid cerebral injury during AAAD repair by early detection and immediate adequate management of malperfusion. Czerny and associates [2] reported that preoperative coma, cerebral malperfusion and supra-aortic branch dissection were risk factors for perioperative malperfusion. In addition, Di Eusanio and colleagues [3] reported that shock, hypotension, tamponade and arch vessel involvement in the dissection were more likely to occur in patients with preoperative brain complications. In our study, preoperative neurological symptoms and partial or complete thrombosis of the SABV were independent predictors of cerebral malperfusion. On the other hand, our analysis revealed that a patent false lumen of the SABV was not a predictor. We believe that patients with partial or complete thrombosis of the SABV are at high risk of cerebral malperfusion, especially when the false lumen of the innominate artery is occluded (47.4% of cerebral malperfusion patients had partial or complete thrombosis of the innominate artery). Direct reperfusion of the right common carotid artery is a reasonable technique to resolve preoperative cerebral malperfusion when the false lumen of the SABV is occluded. This reperfusion technique might reduce postoperative persistent cerebral complications [20, 21] .
Limitations
Our study has several limitations. First, this was a retrospective analysis at a single institution. Second, this study is only about retrograde systemic perfusion cases; we could not evaluate about antegrade systemic perfusion cases. We excluded patients from cerebral malperfusion if their neurological symptoms were clearly caused by cardiogenic shock. Neurological symptoms might be due to a variety of causes in patients with AAAD. Our cerebral malperfusion group might have included some patients whose neurological symptoms were related to preoperative hypotension and cardiogenic shock.
CONCLUSION
In conclusion, preoperative assessment of computed tomographic angiography and intraoperative strict management with monitors (transcutaneous carotid echo, rSO 2 , etc.) are important to avoid irreversible cerebral injury. Preoperative neurological symptoms and partial or complete thrombosis of the SABV are predictors of perioperative cerebral malperfusion in patients who undergo AAAD repair. Cerebral perfusion should be carefully managed in such high-risk patients. Reperfusion of the carotid artery as soon as possible should probably be performed in patients who have preoperative neurological symptoms or partial or complete thrombosis of the SABV to prevent or reverse cerebral malperfusion.
